Abstract. The extensive nuclear bomb testing of the fifties and sixties and the final tests in the seventies caused a strong 36 Cl peak that has been observed in ice cores worldwide. The measured 36 Cl deposition fluxes in eight ice cores (Dye3, Fiescherhorn, Grenzgletscher, Guliya, Huascarán, North GRIP, Inylchek (Tien Shan) and Berkner Island) were compared with an ECHAM5-HAM general circulation model simulation . We find a good agreement between the measured and the modeled 36 Cl fluxes assuming that the bomb test produced global 36 Cl input was ∼80 kg. The model simulation indicates that the fallout of the bomb test produced 36 Cl is largest in the subtropics and mid-latitudes due to the strong stratosphere-troposphere exchange. In Greenland the 36 Cl bomb signal is quite large due to the relatively high precipitation rate. In Antarctica the 36 Cl bomb peak is small but is visible even in the driest areas. The model suggests that the large bomb tests in the Northern Hemisphere are visible around the globe but the later (end of sixties and early seventies) smaller tests in the Southern Hemisphere are much less visible in the Northern Hemisphere. The question of how rapidly and to what extent the bomb produced 36 Cl is mixed between the hemispheres depends on the season of the bomb test. The model results give an estimate of the amplitude of the bomb peak around the globe.
Introduction
Atmospheric nuclear bomb tests which started in the fifties and continued until the late seventies put large amounts of radioactive material into the stratosphere. This anthropogenic input largely exceeded the natural levels and caused distinct peaks in deposition fluxes world-wide. These peaks can be used to test stratospheric transport and residence times of tracers ( 137 Cs, 90 Sr) (Lal and Peters, 1967) , also in combination with atmospheric general circulation models (Rehfeld et al., 1995) . They can also be used as tracers to study oceanic mixing ( 14 C) and groundwater dating ( 3 H, 36 Cl) (Schlosser et al., 1988; Davis et al., 2001) . For the natural sources of 36 Cl we refer to Blinov et al. (2000) .
The radionuclide 36 Cl has also been excessively produced during the nuclear bomb tests which were conducted in the vicinity of oceans, such as the tests that took place on islands, atolls or barges. The neutrons, released by the nuclear reactions, activate the 35 Cl of the sea salt and produce the 36 Cl isotope ( 35 Cl(n,γ ) 36 Cl). The amount of the 36 Cl produced by the tests exceeded the natural production by a factor of ∼1000.
The measured "bomb peak" of 36 Cl in Greenland at Dye3 site has been published earlier by Elmore et al. (1982) and Data from other ice cores exist in which the 36 Cl concentrations were measured. These cores were drilled in the Guliya ice cap in the Himalayas, in Huascarán in the Andes, in Fiescherhorn and Grenzgletscher in the Alps in Switzerland, in northern Greenland, the North GRIP ice core (NGRIP), a Kyrgyz ice core from the Inylchek glacier of the Tien Shan mountains and an Antarctic core from the Berkner Island. See Sect. 2 for details and Fig. 1 for their location. The measured deposition fluxes of 36 Cl in these locations are shown in Fig. 2 . All these fluxes show a very similar fall-out pattern but show some differences regarding amplitude and timing.
We utilize this data to study the deposition distribution of the bomb-produced 36 Cl with the atmospheric general circulation model ECHAM5-HAM. The following questions are addressed: 1) Are there differences in the amplitude of the peaks and are these related to the location of the ice core or climatic conditions, such as the precipitation rate at the site? 2) Is the shift in the maxima of the peaks related to transport processes or rather to uncertainties in the dating of the cores? and 3) How well does the model perform in reproducing the stratospheric transport and stratosphere-troposphere exchange of 36 Cl?
Observed 36 Cl bomb peaks in ice cores
Details of the drilling of the ice cores as well as other measured parameters have been published earlier: Dye3 (including 36 Cl) by Synal et al. (1990) , Fiescherhorn glacier by Table 1 . Their amplitude shows the strength of the bomb test but is not to scale with the deposition fluxes. Schotterer et al. (1997a) , Grenzgletscher by Eichler et al. (2000) , Guliya by Thompson et al. (1995a) , Huascarán by Thompson et al. (1995b) , NGRIP by Andersen et al. (2006); North Greenland Ice Core Project Members (2004) and Inylchek (Tien Shan) by Green et al. (2004) . Details of the ice core from the Berkner Island have not been published earlier.
The 36 Cl concentrations in ice analyzed in this study were all measured at the Accelerator Mass Spectrometer facility of ETH Zurich/PSI. We refer to the references for details of calculating the 36 Cl deposition fluxes. Due to the lack of an independent time scale for Inylchek (Tien Shan) ice core, a rough chronology has been developed. The sharp forward slope of the bomb peak was assigned to the year 1954 when the first major explosions took place, and a linear accumulation rate was assumed.
The 36 Cl bomb peak in a couple of other locations has also been measured at EAWAG and ETH/PSI: the Vostok snow pit in Antarctica (Delmas et al., 2004) and the Kilimanjaro ice core in Africa (Thompson et al., 2002) (the 36 Cl profile is available in the supporting online information). Both areas are extremely dry. It was found that the shape of the bomb peaks in these cores was very different from the cores shown in this work, which is why these results were not used for U. Heikkilä et al.: Modeled and measured bomb peak of 36 Cl 4147 the analysis. The concentrations at Vostok and Kilimanjaro reached the maximum some 10 years later than in the other cores and the fallout was much slower so that no real peak could be observed. Delmas et al. (2004) explained this by sublimation of 36 Cl in the form of HCl in the firn which is still connected to the atmosphere. This is especially a problem in ice cores with extremely low accumulation rate but ice cores at high accumulation areas should not be influenced by it. Röthlisberger et al. (2003) specified a value of 0.1 mm/day (4 g/cm 2 /yr or 4 mm water equivalent (W.E.)/yr) without a strong seasonality above which the effect of sublimation of gaseous 36 Cl should be negligible. The 36 Cl deposition flux measured in the Berkner Island ice core seems to be slightly influenced by this phenomenon because the maximum is reached some years later than in other cores and the fallout after the maximum is flatter and the flux has not reached the natural level in the end of the experiment (see the measured flux in Fig. 2 ). The precipitation rate on Berkner Island is quite low (0.3±0.3 mm/day) which is larger than the limit of 0.1 mm/day estimated by Röthlisberger et al. (2003) however the seasonality is large. The sublimation of the gaseous 36 Cl in the Berkner Island core is not as severe as in the Vostok and Kilimanjaro cores because a steep peak is visible. We include this core in our analysis keeping in mind the sublimation effect. Table 2 shows the integrated total masses of the measured ice core bomb peaks of 36 Cl. The fallout slopes of 36 Cl were estimated by line fitting on logarithmic scale. Table 2 shows the atmospheric residence times corresponding to these slopes. They vary between 3-5 years but some of them include large uncertainty because of the small number of data points, such as the Guliya ice core record. The uncertainty is probably in the order of ±1 year.
The obtained residence times are overestimated in comparison with the actual atmospheric residence times of 36 Cl because of the additional bomb tests which regularly put new 36 Cl into the stratosphere flattening the fall-out curve. Synal et al. (1990) 
Model description and setup
The model employed for this study was the ECHAM5-HAM general circulation model. ECHAM5 is a fifth-generation atmospheric global circulation model (GCM) developed at the Max Planck Institute for Meteorology, Hamburg, evolving originally from the European Centre of Medium Range Weather Forecasts (ECWMF) spectral weather prediction model. It solves the prognostic equations for vorticity, divergence, surface pressure and temperature, expressed in terms of spherical harmonics with a triangular truncation. Nonlinear processes and physical parametrizations are solved on a Gaussian grid. A complete description of the ECHAM5 GCM is given in Roeckner et al. (2003) . The additional aerosol module HAM includes the microphysical processes, the emission and deposition of aerosols, a sulfur chemistry scheme and the radiative property scheme of the aerosols (Stier et al., 2005) . We used present-day aerosol emissions from the AEROCOM emission inventory representative for the year 2000, described in Dentener et al. (2006) . For this study a middle-atmospheric model version with a horizontal resolution of T42 (2.8×2.8 degrees) with 39 vertical levels up to 0.01 hPa (∼80 km) was used. The run was allowed to spin up for five years to let 36 Cl reach equilibrium and the years 1952-1972 were used for the analysis. The run was forced with prescribed observational monthly mean sea surface temperatures and sea ice cover obtained from the international model intercomparison AMIP2 project (Gates, 1992) . We refer to Hagemann et al. (2006) for a detailed discussion on ECHAM5-HAM's ability to reproduce observed precipitation rates.
The natural production rates of 36 Cl were taken from the revised production rate calculations of Masarik and Beer (1999) . The profiles were interpolated as a function of latitude and altitude using the monthly mean solar modulation function reconstructed by Usoskin et al. (2005) and corrected for the local interstellar spectrum as in Steinhilber et al. (2008) for the years 1952-1972. However, the natural production of 36 Cl is much lower than the bomb produced 36 Cl and is not of importance during the modeled years. ECHAM5-HAM's ability to reproduce the observed concentrations and deposition fluxes of two other cosmogenic radionuclides 10 Be and 7 Be world-wide has been discussed at length in Heikkilä et al. (2008a) .
The geochemical behaviour of 36 Cl is somewhat different from that of 10 Be or 7 Be. Like these two radionuclides, 36 Cl can become attached to aerosols and be transported and deposited with them. However, 36 Cl can also be present as HCl gas. How much of the 36 Cl is in particulate or gaseous form is not very well understood and depends on the chemical properties of the atmosphere. In the stratosphere we can assume the 36 Cl to be mostly gaseous as HCl (Zerle et al. (1997) , Sachsenhauser et al. 1 , T. Peter, personal communication). In the troposphere, especially in the lower layers, the situation is more complicated because 36 Cl can be present in both gaseous and particulate form. The deposition of the gaseous 36 Cl is somewhat different than that of particulate 36 Cl. The gases have a higher diffusion constant which leads to an increased dry deposition. Unfortunately the partitioning between gaseous and particulate phases of 36 Cl is not well understood and is probably also highly variable in space and time (Lukasczyk, 1994) . Nevertheless, wet deposition is the dominant removal process both for gaseous and particulate 36 Cl. For this reason, and because the transport of gas and particles is very similar, we treated all 36 Cl in the model as particulate and attached to aerosols.
Atmospheric bomb input of 36 Cl
The first bomb tests that produced large amounts of 36 Fig. 1 .
The details of the tests were obtained from http://www.iss.niiit.ru/ksenia/catal nt/index.htm and http://www.radiochemistry.org/history/nuke tests/pdf/ NuclearExplosionsCatalog.pdf. The tests were catalogued with respect to their type (balloon, shaft, air drop etc.) which influences the amount of 36 Cl produced. Unfortunately not all details of the tests are known and therefore it is very difficult to estimate the precise amount of produced atmospheric 36 Cl. We included tests that took place in the vicinity of sea water, i.e. islands, atolls or barges and had a yield larger than 200 kton, but not the air drop tests. The contributions of tests on islands and atolls were probably lower due to the attenuation of neutron flux by land mass, but not negligible. We calculated the atmospheric input of 36 Cl following earlier studies (Elmore et al., 1982; Synal et al., 1990) assuming that 2×10 26 neutrons are produced by a megaton yield of TNT, that half of the neutrons enter the water and that 32% of those neutrons produce 36 Cl (Dyrssen and Nyman, 1955; Machta, 1963) . In reality, this value strongly depends on the actual setup of the bomb tests which is not known and is very variable. Table 1 shows the date and location of the bomb tests as well as the estimated 36 Cl produced. It can be seen that the total mass of bomb-produced 36 Cl is over 300 kg, which is much more than the 75-80 kg estimated by Elmore et al. (1982) and Synal et al. (1990) from the Dye3 ice core. Fewer tests were taken into account in these earlier works and sometimes the source of information used for the estimation was different in our study. In view of the many uncertainties related to the tests we will use the measured data from different locations world-wide to check the shape and amplitude of the input function. We carry out the simulation using the 310 kg total input of 36 Cl from all tests on barges, atolls and islands and then scale the input by comparing the amplitude of modeled fall-out curves with the measured ones. This approach is not perfect but suits the purpose of this study. If the amplitude of the bomb peaks and the fall-out slope of the modeled curves is comparable with the measured curves we assume that the input function is reasonably well defined.
The bomb tests produced 36 Cl from sea salt on the surface level but the mushroom cloud rose up to the stratosphere. We assumed that all bomb test produced 36 Cl reached the stratosphere. The 36 Cl that stayed in the troposphere was washed out within a couple of weeks and therefore raised the fluxes only locally and during a short period. For this reason it is of no interest for the simulation. The height and radius of the mushroom cloud was calculated following Glasstone and Dolan (1977) (their Fig. 2.16 ). The cloud radius varied between 6 and 30 km depending on the strength of the bomb but still the radius was smaller than the grid box size of the model. However, the cloud was initialized over 9 horizontal grid points and 4 vertical levels of the model and read in within two time steps to reduce the extreme gradients of the 36 Cl concentrations between the neighbouring grid boxes. Only tests with a yield larger than 200 kton were considered for the simulation because these gave a cloud height large enough to place the produced 36 Cl into the stratosphere. Table 2 shows the total masses of the bomb test produced 36 Cl integrated from the measured and the modeled 36 Cl deposition flux peaks. The masses were calculated assuming that the peak in question was representative of the global mean fallout rate in order to estimate the global total input of bomb produced 36 Cl. The integration was performed trying to avoid the fact that the total mass of the peak might depend on one single data point which might be erroneous.
Results

The total mass of the bomb test produced 36 Cl
All modeled fluxes were consequently larger than the measured fluxes. Thus we chose to scale the modeled input of 36 Cl down by a factor of 4, giving the best agreement between the modeled and measured deposition fluxes worldwide. All results presented in this manuscript are calculated using the scaled input of ∼80 kg. It has to be kept in mind that due to the loss of gaseous 36 Cl in firn (see Sect. 2) the measured fluxes represent a lower limit. Because the 36 Cl fluxes showed a steep leading edge of the bomb peak in all data sets, we assume that the loss in these ice cores was negligible. This is likely due to the relatively high accumulation rate at all ice core sites.
It seems that the deposition flux measured at the Dye3 site represents well the global mean deposition flux of the bomb produced 36 Cl, because the integrated mass of ∼70 kg agrees with the assumed total input of ∼80 kg calculated by Elmore et al. (1982) and Synal et al. (1990) from the measured 36 Cl flux in the Dye3 ice core. Figure 2 summarizes the modeled and measured 36 Cl deposition flux peaks and Fig. 3 shows the individual sites. The temporal resolution of the measured fluxes varies between one and several years depending on the core. We show the annual means of the modeled fluxes on a logarithmic scale to be able to compare the fallout slopes of the curves. The slope is a measure of the shape of the bomb produced input function of 36 Cl and the sinks. The agreement between the measured and the modeled slopes in Figs. 2 and 3 and Table 2, indicates that the shape of the input function is reasonable. This means that the estimated amount of 36 Cl produced by the individual tests is reasonably defined regardless of the many uncertainties.
Measured and modeled 36 Cl deposition fluxes
The measured and modeled fluxes in Fig. 2 all show a very similar declining trend with a maximum around [1955] [1956] . Only the measured peak at Huascarán exhibits a maximum earlier than this, around [1951] [1952] . A possible explanation is the high altitude location of the Huascarán site (>6000 m). The site could have experienced a strong intrusion of stratospheric air shortly after the bomb test which the model does not reproduce. However this maximum is represented by only one data point with poor age control and should be interpreted with care. It could also be related to an uncertain dating. The fact that the maximum of the 36 Cl measured at Dye3 shows up a couple of years later than in the other cores is harder to explain. The Dye3 ice core is the best dated (annual resolution) meaning that the later occurrence of the maximum is probably related to some local scale processes rather than to dating problems. Different transport paths of 1950 1955 1960 1965 1970 1975 1950 1955 1960 1965 1970 1975 1950 1955 1960 1965 1970 1975 1950 1955 1960 1965 1970 1975 1950 1955 1960 1965 1970 1975 1950 1955 1960 1965 1970 1975 1950 1955 1960 1965 1970 1975 1950 1955 1960 1965 1970 1975 36 Cl to polar regions cannot be the reason for the discrepancy because the 36 Cl measured in the NGRIP core exhibits the maximum simultaneously with the tropical or mid-latitude cores. The maximum is reached later at the Berkner Island site because of the resublimation of gaseous 36 Cl from firn, as discussed in Sect. 2.
The measured flux at the Guliya site is clearly lower than those of the other mid-latitude cores. Because the measured 36 Cl concentrations in ice were comparable in all ice cores including Guliya, the much lower fluxes can probably be explained by the quite low accumulation rate of 0.8 mm/day W. E. compared with other sites. It has to be kept in mind that at Guliya some of the snow might be lost due to strong winds so that the measured snow accumulation rate represents rather a lower limit. The escape of the gaseous 36 Cl in firn mentioned earlier (see Sect. 2) is not a probable explanation because the snow accumulation rate at Guliya is relatively high compared with the critical value of 0.1 mm/day estimated by Röthlisberger et al. (2003) .
Next we address the question how well the modeled fluxes agree with measurements. Figure 3 Generally the modeled fluxes agree quite well with the measured fluxes. At all ice core sites except Guliya and to a smaller extent Tien Shan the model is able to capture the correct level of the peaks reasonably well. At Dye3, the measured and modeled fluxes agree quite well except the fact that the maximum of the measured flux occurs later, as discussed above. Fiescherhorn and Grenzgletscher are both located in the Swiss Alps and fall within the neighbouring grid boxes of the model. The measured fluxes are very similar in magnitude. The calculated total masses of the peaks differ by some 25%. At both locations the model somewhat overestimates the measured fluxes.
Guliya is the only site where the model significantly overestimates the measured flux. This is probably a combination of loss of snow on the mountain due to winds and overestimation of the modeled deposition flux. The modeled precipitation rate agrees very well with the one measured from the ice core and is also comparable with the range of 0.4-0.7 mm/day for the years 1990-1991 given by Thompson et al. (1995a) . If however some snow was lost due to winds, the model would underestimate the actual precipitation rate. A marked seasonal variability in the 36 Cl flux, as shown by the thin dashed line in Fig. 3 , reflects the strong influence of monsoon on the area (Thompson et al., 1995a) . It follows the modeled precipitation rate which also varies more than at the other ice core sites (see the standard deviations in Table 2 ). Another difference to other sites is the very high altitude of the Guliya site (6710 m) which cannot be resolved by the model. Therefore the modeled precipitation rate at Guliya is representative for lower altitudes.
As mentioned before, the 36 Cl flux measured in the Huascarán ice core shows a maximum 2-3 years before the other cores but this maximum is represented only by one data point. Otherwise the agreement between the measured and modeled fluxes is good. The large seasonal variability reflects the seasonal movement of the intertropical convergence zone with a precipitation rate which is high in summer and low in winter.
At NGRIP the agreement between the modeled and measured flux is good and both fluxes exhibit a maximum at the same time. The fluxes measured and modeled at NGRIP are very low due to the low precipitation rate at the site and because little stratospheric air reaches these high latitudes.
At Tien Shan the model somewhat underestimates the measured flux. The flux measured in this ice core is significantly larger than at other sites which is also reflected by the total mass of the peak in Table 2 . At Tien Shan the increase from the natural level to the bomb produced level is very steep and agrees best with the modeled increase. The steep increase can be explained by the highest temporal resolution of the Tien Shan ice core and probably also by the mid-latitude location of the site, which can experience intrusions of stratospheric air.
The agreement between the measured and modeled flux at the Berkner Island site is relatively good regardless of the flattening of the measured curve due to sublimation of gaseous 36 Cl from firn. This confirms that the sublimation is not a serious problem in the Berkner Island ice core. The flatter increase from the natural level to the bomb produced level is partly due to this phenomenon but more due to the different transport paths to the Antarctic continent, reflected by the slower increase of the modeled flux (see Fig. 4 ).
The modeled precipitation rates shown in Table 2 agree quite well with those calculated from the snow accumulation rates of the ice cores. No direct precipitation rate observations exist from the Guliya, Huascarán, Tien Shan or Berkner Island sites nor from the two Alpine glaciers. The precip- itation rates calculated from the snow accumulation of the Alpine ice cores agree generally well with the values measured at a near-by high-altitude Alpine station Jungfraujoch (3.5 mm/day W.E.) (Heikkilä et al., 2008b) . The measured precipitation rate at Jungfraujoch represents a lower limit because the collector is mounted on a ridge and some of the snow is blown over it. A comparison of stable isotope data, a proxy for precipitation, from Jungfraujoch and Fiescherhorn reveals a very similar behavior between Jungfraujoch and Fiescherhorn (Schotterer et al., 1997b) . The modeled rates are slightly lower than the ones calculated from the snow accumulation but the uncertainty is within a factor of 2 and also the modeled precipitation rate at Grenzgletscher is larger than at Fiescherhorn, in agreement with the calculated rates. At Tien Shan the model very largely underestimates the precipitation rate calculated from the ice core (modeled 0.3 mm/day, measured 4 mm/day). The reason for this is unknown. The ability of ECHAM5-HAM model to reproduce the observed precipitation rates world-wide has been largely discussed in Hagemann et al. (2006) and shows that the error on scales of a couple of hundred of kilometers is never larger than 100%. Comparison of the observed precipitation rates from the CMAP observational reanalysis data set in Hagemann et al. (2006) shows that also the observed precipitation rate in the Tien Shan region is less than 1 mm/day when averaged over a larger region. No direct observations from this region exist, meaning that also the quality of the CMAP data depends strongly on the algorithms used to derive the precipitation rates from satellite measurements (Hagemann et al., 2006) . We assume that the Inylchek glacier in the Tien Shan mountains experiences locally much higher precipitation than the surrounding valleys. It is known that in the mountains the local precipitation rate depends strongly on the origin of air masses and can vary locally. Such local effects are impossible to resolve within the model grid size of a couple of hundred kilometers. In order to compare the different ice cores with each other we show the modeled annual mean 36 Cl fluxes on a linear scale (Fig. 4) . The fluxes at all ice core sites exhibit a maximum between 1955 and 1960. At Guliya the maximum occurs two years later than at other sites but reflects the enormous seasonal variability so that the high values during 1957-1959 are caused by one single month of very high deposition. The fluxes at Fiescherhorn and Grenzgletscher behave in a very similar way and quickly drop down during 1957 and 1958 after the peak of 1955-1956 and then rise again during 1959 and 1960. This drop seems to follow the drop in the precipitation rate, shown in Fig. 5 , before new large test series started in 1958. The modeled bomb peak at Huascarán and Berkner Island, the only southern hemispheric sites, are somewhat different from the modeled peaks in the Northern Hemisphere. The maximum at both sites is reached in 1956, when the precipitation rate is similar to earlier years. This is about a year later than at the other sites and probably reflects the fact that the bomb tests took place in the Northern Hemisphere and more time was required until the 36 Cl atoms reached the other hemisphere. The French atom bomb tests starting 1968 at Mururoa and Fangataufa atolls were the only tests performed in the Southern Hemisphere. These tests can clearly be seen as a maximum in the Huascarán and Berkner Island fluxes but are much less visible in the northern hemispheric sites. These tests took place in the southern hemispheric winter months (May to September) during which the Brewer-Dobson circulation very efficiently transports the 36 Cl atoms towards the southern high latitudes so that not much 36 Cl reaches the Northern Hemisphere. The peak at Huascarán occurs in 1968/1969 and slightly later at Berkner Island again reflecting the longer transport path to Antarctica.
Latitudinal dependence of the bomb peaks of 36 Cl fluxes
It is interesting to consider how the amplitude of the 36 Cl bomb peak depends on the location of the ice core and the role of the local precipitation rate and latitude of the site. We have animated the zonal and monthly mean 36 Cl concentrations which show the location of the bomb produced 36 Cl input into the stratosphere and its mixing and transport to the troposphere. Further animations illustrate the monthly mean deposition of 36 Cl globally as well as in Greenland and Antarctica. The animations are provided as supplement for this manuscript. Figure 4 shows that the modeled bomb peaks are largest at Guliya (35 • N), Tien Shan (42 • N), Fiescherhorn and Grenzgletscher (46 • N), located in the subtropics-midlatitudes where the stratosphere-troposphere air exchange is strongest at the subtropical tropopause breaks (Holton et al., 1995; Stohl et al., 2003) . The large precipitation rates at the two Swiss alpine sites probably also increase the 36 Cl deposition but not at Guliya or Tien Shan where the modeled precipitation rate is quite low. At Dye3 the precipitation rate is quite high which leads to a rather large bomb peak although the direct influence of stratospheric air is lower at 65 • N. The modeled bomb peak at Huascarán is also low although the modeled precipitation rate is the largest. The Huascarán site is located close to the equator (9 • S) so that less stratospheric air reaches the site than in the subtropics. The peak is lowest at Berkner Island site (79 • S) because of the very low precipitation rate and because little stratospheric air reaches high latitudes.
The modeled global annual mean deposition flux of 36 Cl suggests (see the animated global deposition flux) that the bomb peak is visible all around the globe, even in very dry areas. This is confirmed by the observable, though low, bomb peak measured and modeled at the Berkner Island site. Independent of the 36 Cl concentration in the atmosphere the wet deposition is always dominant (>90%) except in very dry areas (central Antarctica, Sahara, west of the African and South American continents) where the fraction of dry deposition can be above 50% at largest. Figure 6 illustrates the time evolution of the zonal and annual mean 36 Cl deposition fluxes. The peaks are larger in the Northern Hemisphere in the fifties and sixties because the bomb tests took place in the Northern Hemisphere and also, after the hemispheric mixing of the stratosphere, reflect the stronger stratosphere-troposphere exchange in the Northern Hemisphere. Because of this the fluxes are consequently lower by ∼20% in the Southern Hemisphere than in the Northern Hemisphere. The peaks are larger in the Southern Hemisphere following the French bomb tests there commencing in 1968. The maxima of the fluxes occur in the midlatitudes, between 30 • and 50 • in both hemispheres reflecting the stratospheric origin of the bomb produced 36 Cl. In the tropics there is another smaller maximum caused by the 
Stratospheric residence time of bomb produced 36 Cl
Most general circulation models overestimate the vertical transport of tracers, leading to an underestimation of stratospheric residence time and concentrations (Mahowald et al., 2002) . Simulations of stratospheric tracers made with ECHAM4/5-HAM also point to this problem (Timmreck et al., 1999; Heikkilä et al., 2008a) . Therefore it is of importance to investigate the extent the model underestimates the stratospheric residence time of 36 Cl and so the fallout pattern in the 36 Cl deposition fluxes. The average slopes of the fallout curves from the different ice cores are shown in Table 2 , except for the Berkner Island core because the fall-out pattern is unrealistically flat, due to the mobility of gaseous 36 Cl in firn. They have been calculated as the slope of the logarithmic fallout curve but we show the corresponding atmospheric residence time. The fallout curves do not show the correct residence times due to the repeated input of 36 Cl due to new tests but rather reflect the steepness of the slopes.
The slopes are very similar if calculated from the modeled fluxes. The mean residence time of 36 Cl at all ice core locations is 3-4 years except at Huascarán (5-6 years) and Tien Shan (5-6 years). The flatter fallout of the 36 Cl fluxes at Huascarán is due to the later southern hemispheric bomb tests which contribute more to the Southern Hemisphere core. The modeled slope is even flatter (corresponding to a residence time of 7 years) because the modeled increase in the deposition flux is larger than in the measured flux. This might indicate that the estimated input from the latest tests is slightly too large but because we have data from only two southern hemispheric ice cores it is too early to draw strong conclusions. The residence time given by the fallout curve of 36 Cl (3-4 years) is longer than the assumed stratospheric residence time of cosmogenic 10 Be or 36 Cl of ∼1 years (Sachsenhauser et al. 1 ) because the slope is flattened by the repeated tests which raise the deposition fluxes during the later years. The stratospheric residence time can be estimated during years when no additional tests took place. For example in 1962-1968 when no additional tests took place the slope of the modeled fallout is a bit steeper than the measured flux at least in the Dye3 core. This is caused by the overestimated downward transport of the model, mentioned above. The residence time estimated from the modeled fluxes between 1964 and 1968 varies between 1.3 and 1.7 years, which is slightly shorter than the estimated residence time of 2±0.3 years from the Dye3 core by Synal et al. (1990 Synal et al. ( ) between 1960 Synal et al. ( and 1964 when no tests took place in their estimated input function. The other measured fluxes are not optimal for the residence time estimation during these years because of their coarser temporal resolution. The NGRIP data has an annual resolution but does not show a steeper drop-off rate during this period. The Tien Shan data has an even higher than annual resolution which makes it difficult to distinguish between a steeper drop-off rate or seasonal variability.
Another reason for the longer residence time of bomb produced 36 Cl compared with the ∼1 year estimated by Sachsenhauser et al. 1 is the very different input distribution of natural and bomb produced 36 Cl. Whereas the cosmogenic 36 Cl is produced mostly at high latitudes due to geomagnetic shielding of cosmic rays in the atmosphere, the bomb input takes place in the tropical stratosphere. Following the Brewer-Dobson circulation the bomb produced 36 Cl is transported towards the high latitudes before it sinks and is transported to the troposphere in the subtropics where the stratosphere-troposphere exchange is most efficient (Holton et al., 1995; Stohl et al., 2003) . This leads to a longer stratospheric transport path than the cosmogenic 36 Cl which is produced in the high latitude stratosphere.
Summary and conclusions
The bomb test produced deposition peak of 36 Cl, observed in ice cores world-wide was used to investigate the ability of the ECHAM5-HAM general circulation model to simulate the stratospheric transport and residence time of 36 Cl. We modeled a 21-year period from the beginning of the atmospheric bomb tests in 1952 until 1972. All tests that produced 36 Cl took place in the tropics. Comparison of the ice core 36 Cl deposition fluxes with the modeled deposition fluxes indicate that the total input of bomb produced 36 Cl into the atmosphere was ∼80 kg, in agreement with previous studies. There are differences in the amplitude of the bomb peaks from different cores depending on their latitude as well as the precipitation rate at the drilling site.
The modeled fallout pattern of the 36 Cl deposition fluxes agrees generally well with the measured fluxes in the Dye3, Fiescherhorn, Grenzgletscher, Huascarán and NGRIP ice cores. At Tien Shan site the model somewhat underestimates the measured flux. In the case of the Guliya core the modeled flux was significantly larger than the measured flux. There was a consequent offset of the modeled flux during the whole modeled period but the fallout pattern was very similar in both the modeled and the measured flux. The modeled precipitation rate at Guliya agreed mostly well with the precipitation rate calculated from the snow accumulation rate of the core. The modeled flux at Guliya was very large due to the location of the Guliya site in the subtropics where the stratosphere-troposphere exchange is largest. The Guliya site is also influenced by the monsoon which leads to an extremely large seasonal variability in the precipitation and therefore deposition of 36 Cl. The rather low measured 36 Cl flux at Guliya might be explained by the fact that some of the snow is lost due to strong winds in the Guliya plateau.
At other drilling sites the agreement between the modeled and measured fluxes was quite good. In the Dye3 ice core the observed maximum occured later than in the modeled flux which is probably caused by some local scale processes because the dating of the Dye3 core is reliable. The 36 Cl flux at Huascarán and Berkner Island, which are the only southern hemispheric ice cores, clearly show the French bomb tests which took place in the end of the sixties and seventies in the Southern Hemisphere. The 36 Cl fluxes in the northern hemispheric cores do not show these tests as clearly.
An animation of the 36 Cl concentrations in the atmosphere shows that the extent and speed of mixing between the hemispheres depends on the season of the test. The 36 Cl produced by the tests in wintertime is more efficiently transported towards the pole which leads to a weaker signal in the opposite hemisphere. The animated world-wide deposition flux of bomb produced 36 Cl shows that the fallout of bomb produced 36 Cl is largest in the subtropics and midlatitudes where the air exchange between the stratosphere and the troposphere is strongest, but also in the tropics due to the high precipitation rate. In Greenland the fallout is slightly smaller in amplitude than in the mid-latitudes whereas in Antarctica the signal is significantly smaller. In polar regions, both in Greenland and in Antarctica, the amplitude of the bomb peak depends on the precipitation rate, which varies so much locally that the quantification of the amplitude of the peak is very difficult. The results indicate that the bomb peak should be clearly visible everywhere on the Earth, even in the driest areas.
The fallout pattern, both modeled and measured, reveal a very similar slope, which corresponds to a residence time in the order of 3-4 years. This slope does not directly show the atmospheric residence time of the bomb produced 36 Cl because of the repeated input of 36 Cl into the stratosphere caused by new tests, which flattened the fallout pattern of the deposition fluxes. The good agreement between the modeled and the observed slopes indicates that the form of the input function of the bomb produced 36 Cl is reasonably well reconstructed. The modeled stratospheric residence times of 36 Cl during a period when no new tests took place are 1.3-1.7 years, which are slightly lower than the ∼2 years estimated from the Dye3 ice core. This means that although the middle atmospheric version of ECHAM5-HAM somewhat overestimates the stratosphere-troposphere exchange it still does a reasonable job in simulating the transport and atmospheric residence times of stratospheric tracers.
